Introduction
The phytohormone auxins control a wide range of aspects in plant growth and development (Leyser 2006) . In the last decades, a large number of physiological and biochemical studies have demonstrated that the regulated and differential distribution of auxins is central to their action (Benkova´et al. 2003 , Reinhardt et al. 2003 , Weijers et al. 2005 . Although auxins move between cells through membrane diffusion, an auxin gradient is generated and maintained, across the plant, mainly through their poralized transport via carrier proteins (Blakeslee et al. 2005, Kramer and Bennett 2006) . Currently, the function of AUX1 is confirmed as the auxin influx carrier (Yang et al. 2006) , and PIN FORMED (PIN) and PGP/MDR are known as efflux carriers (Geiser and Murphy 2006, Kramer and Bennett 2006) . PIN proteins act as major auxin efflux carriers. In Arabidopsis, eight members of the PIN family have been identified, and each member shows a specific pattern of tissue-specific expression and subcellular localization (Friml et al. 2002 , Friml 2003 . Although a severe phenotype can be seen only for the pin1 mutant, mutations in the multiple PIN genes confer a variety of phenotypes, indicating functional redundancy among the PIN genes (Okada et al. 1991 , Ga¨lweiler et al. 1998 , Vieten et al. 2005 . Thus, the network of PIN proteins produces the auxin flow that results in differential auxin distribution across the whole plant .
Arabidopsis PINOID (PID), encoding a serine/threonine protein kinase, has been found to be involved in the control of polar auxin transport based on the following observations: pid mutants generate pin-like inflorescences resembling the pin1 mutants; auxin transport is reduced in the pid mutant; and the function of PID is sensitive to the inhibitors of polar auxin transport (Bennett et al. 1995 , Christensen et al. 2000 . Initially, PID was interpreted as a negative component of auxin signaling (Christensen et al. 2000) . However, in later studies, it was proposed that PID positively regulates polar auxin transport (Benjamins et al. 2001) . Supporting this view, recent works have shown that PID controls auxin transport by regulating apical-basal PIN polar localization and/or controlling the trafficking of PIN proteins (Friml et al. 2004, Lee and Cho 2006) . Although the details of the molecular function of PID need to be determined, there is accumulating evidence that PID controls polar auxin transport through regulation of subcellular localization of PIN proteins.
There are at least seven PIN homologs in the rice genome (Morita and Kyozuka 2004, Xu et al. 2005) . Reduction of PIN1 expression by RNA interference (RNAi) caused alteration of shoot and root development in rice, suggesting that PIN1 is essential for normal development of rice, a monocot species . Beside PIN, genes involved in other components of auxin function are likely to be conserved, at least partially, in rice (Sato et al. 2001 . For example, intracellular auxin signaling mediated by the Aux/IAA pathway is essential for normal root development of rice (Inukai et al. 2005 , Liu et al. 2005 . Information currently available suggests that the basic mechanisms of auxin action are probably conserved between dicot and monocot species. However, the possibility that the pattern of auxin flow in the maize inflorescence might be distinct from that of Arabidopsis has been proposed recently based on the analysis of PIN protein localization in maize cells (Carraro et al. 2006) . Considering the importance of auxin polar transport in pattern formation and development, determination of the auxin flow and distribution as well as the underlying mechanisms is crucial to understanding the principle of monocot development.
Here, we report isolation and characterization of OsPID, a PINOID ortholog of rice. Constitutive overexpression of OsPID caused a variety of abnormalities that were phenocopied by treatment with the inhibitor of polar auxin transport, indicating that OsPID is likely to be involved in the control of auxin polar transport. A complex expression pattern of OsPID in shoot meristems suggests that it plays a significant role in pattern formation and organogenesis in the shoot.
Results

Isolation of the rice ortholog of PINOID
To identify PID orthologs of rice, a BLAST search using the Arabidopsis PID amino acid sequence was conducted against a rice genome database. Among a large number of protein kinase genes obtained from the search, we selected 11 genes encoding PID-like serine/threonine protein kinase. A phylogenetic analysis showed that there is one PID ortholog in the rice genome, that we named OsPINOID (OsPID) (Fig. 1) . Another PID homolog, that fell in the same clade as PID, was shown to be a rice ortholog of the Arabidopsis At2g26700 locus. We designated this gene as OsPIDlike. PID and OsPID share 54 and 61% identity over the full-length amino acid sequence and the kinase domain, respectively. Although there is an intron At1g16440 Fig. 1 A phylogenetic tree of PINOID-like serine/threonine protein kinases of rice and Arabidopsis. The tree was constructed using the amino acid sequences of the kinase domain. Alignment of the amino acid sequences was performed using Clustal W, and the phylogenetic tree was drawn using TreeView. Black and red letters indicate Arabidopsis and rice genes, respectively. Numbers at the branching points indicate the bootstrap proportions (n ¼ 1000). The accession numbers of OsPID (Os12g0614600) and OsPIDlike (Os01g0174700) are AK106290 and AK101660, respectively.
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in the coding region of the PID gene, OsPID does not contain an intron ( Fig. 2A ). This intron is conserved in other members of the PID kinases family both in Arabidopsis and in rice.
Auxin responsiveness of OsPID expression PID has an auxin-responsive element (AuxRE), TGTCTC (Ballas et al. 1993 , Ulmasov et al. 1999 , in its promoter region, and PID mRNA expression is induced by auxins (Benjamins et al. 2001 ). There are two GAGACA (complementary sequence of TGTCTC) at position À367 and À161 in the promoter region of OsPID (Fig. 2A) . The presence of AuxREs in the OsPID promoter suggested that OsPID transcription could be induced by auxins. Accordingly, reverse transcription-PCR (RT-PCR) analysis showed that OsPID expression is up-regulated within 3 h of auxin treatment (Fig. 2B) . The auxin-dependent induction of OsPID expression was not blocked by cycloheximide (CHX), an inhibitor of protein synthesis, indicating that OsPID transcription is induced by auxins without de novo protein synthesis (Fig. 2C ).
Spatial distribution of OsPID expression
Tissue specificity of OsPID expression was analyzed by RT-PCR. This analysis showed that OsPID is mainly expressed in the shoot apex, and weakly expressed in roots (Fig. 3A) . OsPID transcription in the shoot apex increased after transition from vegetative to reproductive stage, probably reflecting the increase of the number of meristems during inflorescence development. OsPIDlike showed an expression pattern similar to that of OsPID.
In order to investigate the expression pattern in the shoot apex in more detail, we carried out in situ hybridizations. Although OsPID showed a complex expression pattern in the shoot apical meristem (SAM) during the vegetative phase ( Fig. 3B-I ), observation of serial longitudinal and transverse sections revealed the intricate aspect of OsPID mRNA localization. In the medial longitudinal section, relatively high levels of OsPID mRNA accumulation were observed in the axil of a leaf at the P2 stage (arrowhead) and the tip of the P1 leaf (arrow), but only a weak signal was observed in the SAM (Fig. 3B ). On the other hand, in the longitudinal section near the periphery, OsPID expression was observed uniformly in the SAM region (Fig. 3C) . In transverse sections, various patterns of OsPID expression were observed. At the top of the SAM, OsPID was expressed in the whole SAM (Fig. 3D) . One section lower, OsPID was found accumulated in the peripheral region, showing a circular pattern (Fig. 3E) . In a lower section, OsPID transcripts were absent from the lateral regions where the leaf primordial arises, showing a parallel pattern (Fig. 3F ). At the base of the SAM, OsPID transcripts accumulated at the axil of the P2 leaf ( Fig. 3G, H) . The expression pattern of OsPID observed by in situ hybridizations on longitudinal and transverse sections of the SAM is summarized in Fig. 3I . Accumulation of OsPID transcript in the axil of young leaves where an axillary meristem initiates was consistently observed in the older leaves (Fig. 3J, K) . When an axillary meristem initiates in the axil of the P3 leaf and starts to grow, OsPID expression is observed at the boundary of the new meristem (Fig. 3J, K) . Expression patterns of OsPID in the leaf axils are summarized in Fig. 3L . At the reproductive stage, OsPID expression was observed in the regions where panicle branches are produced (Fig. 3M, N) . OsPID expression was also observed in the developing flower ( Fig. 3O ) and in the vascular bundles (Fig. 3P) .
Generation of transgenic rice plants constitutively overexpressing OsPID or OsPIDlike
To understand better the function of OsPID in rice, we analyzed the phenotypes of OsPID and OsPIDlike constitutive overexpresssors. More than 30 independent transgenic lines were produced for each construct. The T 0 generation of OsPID-ox plants expressing the OsPID gene 
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Characterization of OsPID and its involvement in polar auxin transport control under the control of the rice Actin promoter exhibited a number of abnormalities, among which an aberrant pattern of root development was the most evident. Therefore, we classified transgenic lines according to their root phenotypes. The most striking phenotype was the absence of roots (Fig. 4A ). In our transformation method, transgenic plants usually produced roots within 2 months after Agrobacterium infection. In contrast, more than half of the OsPID-ox plants did not generate roots at all even after 4 months of culture (Fig. 4B ). Approximately 30% of the Characterization of OsPID and its involvement in polar auxin transport controlregenerated plants produced abnormally thick roots. However, in prolonged culture periods, all the thick root plants and about half of the rootless plants recovered from the defects. In addition to the abnormalities in the roots, a large number of T 0 transgenic lines exhibited morphological alterations, such as curled and stunted shoots. OsPIDlikeox plants showed a similar although milder phenotype than that conferred by OsPID-ox, indicating that OsPID shares a partially redundant function with OsPIDlike. RT-PCR analyses showed that OsPID transcripts accumulated to a high level in OsPID-ox plants; however, the level of OsPID expression did not correlate with the severity of the phenotype (data not shown). This indicates that a certain level of constitutive OsPID expression is probably sufficient to cause the abnormalities.
Inhibition of polar auxin transport mimics OsPID-ox phenotypes
Although defects became milder in the later generations (T 1 and T 2 ), OsPID-ox plants showed distinctive features. We used the T 2 generation in the following experiments. Monocot species usually generate adventitious roots, called crown roots, from the stem, and the crown roots dominate the root system in most cereal species. Wildtype rice seedlings generate a shoot with straight leaves, a longer seminal root and several crown roots within 4 d after the initiation of water imbibition (Fig. 4C) . In contrast, most OsPID-ox seedlings at 4 d after water imbibition had a curled and shorter shoot, a seminal root with reduced gravitropism, but no crown roots. Because an involvement of auxins in growth and development of crown roots of rice has been demonstrated (Inukai et al. 2005 , Liu et al. 2005 , we compared the phenotype of OsPID-ox plants with that of wild-type plants treated with auxins and an auxin transport inhibitor. As shown in Fig. 4C , a wild-type seedling treated with N-1-naphthylphthalamic acid (NPA), an inhibitor of polar auxin transport, had a few crown roots and a curled shoot, whereas there was little effects on the elongation of the seminal root, except for the reduced gravitropism, mimicking the OsPID-ox seedlings. On the other hand, 2,4-D treatment suppressed the elongation of both seminal and crown roots and stimulated root hair generation in wild-type seedlings. The same effects of 2,4-D treatment were observed in OsPID-ox seedlings.
Although defects of crown roots were obvious at a very early stage of seed germination, all OsPID-ox plants developed the crown roots later on. Thus, we conducted a more careful comparison of initiation and elongation of crown and seminal roots (Fig. 5) . We chose two independent lines (OsPID-ox7 and OsPID-ox10) that were classified in the transient rootless phenotype and showed moderate to severe defects. No significant differences in the timing of the seminal root initiation were observed (Fig. 5A ) whereas initiation of crown roots was delayed for 1-2 d in OsPID-ox seedlings (Fig. 5B) . Because the delay of the crown root initiation was caused by NPA treatment (Fig. 4C) , we examined the effect of NPA more carefully (Fig. 5C, D) . NPA treatment on seeds did not affect the timing of initiation and the growth of the seminal root, while extensive delay of crown root development was observed (Fig. 5C, D) . The effects of NPA on crown roots was clearly concentration dependent. 
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Characterization of OsPID and its involvement in polar auxin transport control Gravitropism of roots was also affected in the OsPIDox seedlings (Figs. 4, 6 ). During germination of the wildtype plant, a seminal root emerges earlier than crown roots and shows a clear gravitropism. In contrast, the seminal root of OsPID-ox seedlings showed a reduced gravitropism (Fig. 6A) . Similar alterations of gravitropism were observed in wild-type seedlings sown on medium containing NPA in a concentration-dependent manner (Fig. 6B) . The effect of OsPID-ox on gravitropism was estimated to be equivalent to the effect of 10
Floral development in OsPID-ox plants Altered development of floral organs was also observed in OsPID-ox plants (Fig. 7A-D) . The wild-type rice flower contains two lodicules, which correspond to petals, six stamens and one pistil with two stigmas. The number of floral organs varied in the OsPID-ox plants. Reduction of stamen number and increase of stigmas were most frequently observed (Fig. 7E, F ). An increase of the lemma and palea, which are a pair of leaf-like structures that enclose the rice flower, was also often observed (data not shown). In addition to the alteration of organ numbers, abnormal morphology of each organ was sometimes observed (Fig. 7D ).
Discussion
Isolation of rice PINOID
Although a large number of protein kinases showing high sequence similarity to PID are encoded in the rice genome, the shape of the phylogenetic tree and high bootstrap values strongly indicated that OsPID (Os12g0614600) is the ortholog of PINOID. The spatial distribution of OsPID mRNA resembled that of PID. Moreover, like PID, OsPID has AuxREs in its promoter region and its expression is directly induced by auxins. In addition to the similarities in the expression patterns, overexpression of PID and OsPID caused comparable Characterization of OsPID and its involvement in polar auxin transport control 545
phenotypes. In Arabidopsis, PID overexpression blocked an early step in lateral root formation and interfered with gravitropism. OsPID overexpression caused similar defects in rice, such as delay of crown root initiation and agravitropism. Although overexpression phenotypes of PID and OsPID cannot be simply compared due to the difference in root development between rice and Arabidopsis, these similarities suggest that OsPID and PID play similar roles in the two plants. Taken together, these observations strongly suggest that OsPID is the rice ortholog of PID.
Possible involvement of OsPID in the control of polar auxin transport Several lines of evidence suggest that PID acts as a regulator of polar auxin transport in Arabidopsis (Friml et al. 2004, Lee and Cho 2006) , although the details of the molecular mechanisms involved remain to be elucidated. It was reported that PID carries out its function through the control of subcellular localization of PIN proteins, which direct the flow of active auxin transport (Friml et al. 2004 ). More recently, Lee and Cho (2006) demonstrated that PIDmediated protein phosphorylation facilitates the trafficking of PIN proteins to the plasma membrane, leading to the control of PIN localization. Here, we showed that constitutive overexpression of OsPID caused a variety of abnormalities in rice development that could be mimicked by NPA treatment, suggesting that the defects were probably caused by disturbance of polar auxin transport and that OsPID is involved in the control of auxin fluxes. Overexpression of OsPIDlike, the closest homolog of OsPID, caused similar but milder phenotypes compared with OsPID. Considering the existence of homologs of PID and OsPID in the Arabidopsis and rice genomes, respectively, it is likely that the kinases of the PID family play overlapping roles to regulate the subcellular localization of PIN.
Role of OsPID deduced from its expression pattern
We observed a complex transcription pattern of OsPID in the SAM. The pattern of OsPID mRNA accumulation varies along the longitudinal axis of the SAM, suggesting that OsPID could play roles in the pattern formation in the SAM. Interestingly, OsPID mRNA localizes in the outer layer of the SAM in the middle region along the longitudinal axis. This is reminiscent of the fact that auxins are transported through the L1 layer in the Arabidopsis SAM (Benkova´et al. 2003 , Reinhardt et al. 2003 . OsPID expressed in the peripheral region of the SAM may participate in the establishment and maintenance of PIN localization in the outer layer.
Accumulation of OsPID mRNA toward the base of young leaves at the flanks of the SAM was observed in rice but not in Arabidopsis. We propose that OsPID expressed in the axil of the leaf may be used to increase auxin concentration to a new maximum, which is required to initiate the axillary meristem. If this is the case, the difference in the expression pattern may reflect the difference in the timing of axillary meristem initiation. In rice, axillary meristem primordia can be clearly identified in the axil of the P3 leaf (Furutani et al. 2006) , while in Arabidopsis it is first seen in a P7 leaf (Long and Barton 2000) . How the function of OsPID is involved in the control of axillary meristem formation still needs to be elucidated.
Auxins and root development of rice
Auxins control a variety of aspects of plant growth and development. Recent studies have shown that in spite of the difference in their origins and developmental systems, both 
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Characterization of OsPID and its involvement in polar auxin transport control lateral root formation in Arabidopsis and crown root formation in rice are regulated by auxin signaling through the Aux/IAA-ARF cascade (Fukaki et al. 2002 , Fukaki et al. 2005 , Inukai et al. 2005 , Liu et al. 2005 . This implies that the initiation of crown roots and lateral roots is regulated by a common mechanism that requires auxin signal transduction. Besides the failure to initiate crown roots, lateral root development is also suppressed in the crown rootless mutants, supporting this view (Inukai et al. 2005) . In Arabidopsis, a PIN-dependent auxin gradient is necessary for lateral root initiation (Benkova´et al. 2003 . When a lateral root initiates, an auxin gradient with a maximum concentration at the tip of the root primordium is established by the coordinated functions of differentially expressed PIN proteins. Given that the PID kinase positively controls the auxin efflux through effects on subcellular localization of PIN proteins, constitutive expression of OsPID probably led to perturbation of the auxin efflux and subsequent failure or delay in the formation of auxin maxima, which is required to generate the crown root primordia. Consistently, impairment in crown root formation was also observed in the transgenic plants in which the expression level of OsPIN1 was reduced ).
The more severe phenotype in T 0 than in T 1 OsPID-ox transgenic plants may suggest that adventitious root formation during the regeneration process requires a more accurate auxin gradient and/or distribution than that in normal root development of the seed-derived plants. However, we cannot rule out the possibility that the Actin promoter is more powerful in T 0 than in T 1 .
Materials and Methods
Auxin treatment
Plants were grown at 258C under 16 h light and 8 h dark conditions. After 2 weeks, plants were transferred to water containing 10 or 50 mM 2,4-D or IAA and/or 1 mM CHX.
RT-PCR analysis
RNA was extracted using an RNeasy Plant minikit (Qiagen), and treated with DNase I (Invitrogen). cDNA was synthesized by SUPERSCRIPT II TM RNase H reverse transcriptase (Invitrogen). The following primers were used: OsPID (F, GTCAAGTCCC ACCCCTTGTT; R, GTAGCAGACAGCAACGGTCA); OsPIDlike (F, TACATTGTACGCCGACTTCG; R, TTCGGGACGA CGTCGCACTTG); and Actin (F, CAATCGTGAGAAGATGA CCC; R, GTCCATCAGGAAGCTCGTAGC). Characterization of OsPID and its involvement in polar auxin transport control
In situ hybridizations
In situ hybridizations were performed as previously described (Kyozuka et al. 1998 ). Hybridizations were done at 558C. The OsPID probe was produced using a cloned cDNA (KOME: clone name 002-101-B02) as a template.
Vector construction and plant transformation
To construct plasmids for OsPID and OdPIDlike overexpression, the cDNA of each gene provided by the Rice Genome Resource Center was cloned into the pActnos/Hmz vector (Sentoku et al. 2000) . The resultant construct was introduced into Agrobacterium tumefaciens, and used to generate transgenic plants (Hiei et al. 1994) . Mature seed-derived calli (cv. Nipponbare) were used for transformation by Agrobacterium.
Phenotypic analysis of transgenic plants T 1 or T 2 seeds were sterilized with 1% sodium hypochlorite solution and sown on 0.6% agar medium containing 1/2 MS medium (pH 5.6). To measure the response to gravity, seeds were sown on agar medium in test tubes. NPA was added to the agar medium.
